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I. INTRODUCTION

Several reviews and research summaries have been published in the past on
the relation between soil erosion and productivity (Stallings, 1957; National
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Agricultural Lands Study, 1981; NSE-SPRPC, 1981; Langdale and Shrader, 1982;
Crosson and Stout, 1983; Anderson and Gregorich, 1984; Burnett et al., 1985;
Larson et al., 1985; Mannering et al., 1985; Nowak et al., 1985; Renard and
Follett, 1985; Maetzold and Alt, 1986; Heimlich, 1989; Lal, 1987, 1988, 1998;
Pierce, 1991; Cann et al., 1992). The topic has also been the subject of a num-
ber of conferences and workshops (Rijsberman and Wolman, 1984; ASAE, 1985;
Larson et al., 1990). In several of these reviews, the authors provided global or na-
tional estimates of the long-term decrease in productivity as a result of accelerated
erosion, with little attention to spatial variations resulting from soil and climatic
differences.

In this chapter, we use spatially referenced data to link study sites with soil
orders and erosion rates to estimate the productivity losses in each soil order. This
information is then used to estimate the production and economic losses due to
soil erosion for four crops that have been the subject of most erosion–productivity
studies in North America: maize (Zea mays L.), wheat (Triticum aestivum L.),
soybeans [Glycine max (L.) Merr.], and cotton (Gossypium spp. L.). A number of
studies have investigated productivity effects of erosion on other crops, but they
are too few in number, too old, or too narrowly focused on locally significant crops
to make useful estimates. These are discussed under “Hay and Fodder Crops” and
“Miscellaneous Crops”. Soil loss is used as an indicator of erosion. In accord
with most of the studies reviewed, topsoil depth (TSD) is used as the independent
variable.

II. BACKGROUND

Human activities both influence the structure, fertility, and composition of soils
and are influenced by the properties and availability of soils (Davis and Browne,
1996). The relationship between humans and soils is characteristic of the ways
through which humans interact with the environment, responding to potentials,
recognizing limits, and adapting the environment to suit human needs (Harris and
Warkentin, 1974). Human activities have, in turn, changed soil fertility or elimi-
nated the need for soils for crop production altogether. However, although some
high-value specialty crops are today grown in soil-less artificial media in green-
houses [notably tomatoes (Lycopersicon esculentum Mill.), cucumbers (Cucumis
sativus L.), lettuce (Lactuca sativa L.) and flowers], soil-based agriculture con-
tinues to be the most important form of food and fiber production. Soil provides
nutrients, water, and support to plants as well as is host to innumerable macro- and
microorganisms both beneficial and harmful to crops.

Soil conservation and management are important so that soils can continue to
provide these services into the future. In many parts of the world, however, soil con-
servation and management leave much to be desired, resulting in the degradation
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of the soil resource leading to a decrease in its productive potential. Johnson and
Lewis (1995) found that there is general agreement in the literature concerning two
critical aspects of soil degradation. First, soil degradation involves a substantial
decrease in the biological productivity of a soil system and, second, this decrease
is the result of processes resulting from human activities rather than natural events.
Based on these criteria, we define soil degradation as the substantial decrease in a
soil’s biological productivity or usefulness due to human interference, assuming
other factors such as technology, management, and weather remain constant (Bojö,
1996).

Productivity is a measure of the rate of accumulation of energy. Productivity
can be defined and measured in many ways, such as output per unit of land, output
per unit of labor, or output per unit of other input(s) used. In the context of soil
productivity, it is the productive potential of the soil system that allows the accu-
mulation of energy in the form of vegetation (Stocking, 1984). Production is the
total accumulation of energy, irrespective of how quickly, over what area, or with
what assistance it accumulates. Yield, or output per unit area over a given time
period, is a measure of production, which can be used as an indicator (albeit an
imperfect one) of productivity. Yields are an expression of historical production,
whereas productivity is a measure of potential (future) productivity (Tengberg and
Stocking, 1997). Production (total biomass) can remain constant or even increase
as the soil becomes degraded (Dregne, 1995). Stocking (1994) observed that crop
yields may increase even though degradation may reduce long-term soil produc-
tivity, causing a loss to future economic returns to production. Johnson and Lewis
(1995) therefore added usefulness as a crucial attribute of soil degradation. For ex-
ample, as a result of degradation, species composition changes resulting in poorer
quality biomass may make it less useful to people, although total biomass produc-
tion may not be affected. A similar observation was made by Young et al. (1985).

A. EFFECTS OF SOIL DEGRADATION

Soils are a finite resource created and degraded through both natural and human-
induced processes. Soils are formed in a slow, continuous, and gradual process in-
volving the breakdown of minerals during biological, physical, and chemical pro-
cesses (National Agricultural Lands Study, 1981). Scientists estimate that 2.5 cm
(1 in.) of new topsoil is formed every 100 to 1000 years (Pimentel et al., 1976),
which is equivalent to a rate of 0.4–4.0 Mg ha−1 yr−1. The rate varies widely,
influenced by land use, climate, vegetation, soil disturbances, and the nature of the
land (Brady and Weil, 1999). Human activities can either aggravate or mitigate soil
degradation. Mostly, though, human activities accelerate the natural degradative
processes, so that the rate of soil formation is greatly outweighed by soil loss as a
result of degradation. While there is widespread evidence that soil losses resulting
from erosion far exceed the natural rate of soil formation, the impact of such losses
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on crop yields or production has not been well established in physical or economic
terms, although there have been many attempts to do so (van Baren and Oldeman,
1998).

The effects of degradation on soil resources can be grouped into two categories:
those that are reversible (e.g., nutrient levels, pH, organic matter, and biological
activity) and those that are irreversible given present technological and economic
resources (e.g., rooting depth, water holding capacity, structure, and texture). The
reversibility or irreversibility of a specific type of soil degradation depends not only
on available technology, but also in most cases on economic costs and returns. For
example, irrigation can mitigate a decline in water-holding capacity, but may not
be economically viable in all circumstances.

Results from field studies and simulation models indicate that there is a large
variation in the way soil degradation affects its quality (Maetzold and Alt, 1986).
Some soils experience consistent productivity reductions with degradation, while
others suffer no loss until some critical point in one (or more) yield-determining
factor(s) is reached, at which time significant yield losses occur with further degra-
dation (Hoag, 1998). The effects of degradation may also vary from year to year,
so that long-term degradative effects are not easily apparent. For example, eroded
soils with reduced plant-available water-holding capacities and/or infiltration rates
often show greater yield losses in drought years compared with uneroded soils
(Shaffer, 1985; Swan et al., 1987). During years with normal or above-average
rainfall, however, yields on eroded and uneroded soils may be identical. Irrigation
can reduce yield differences even in drought years, but involves an economic cost.
While yield differentials can be masked by the use of irrigation, other degradative
processes may continue unabated (e.g., loss of organic matter and soil structure)
or new ones may be introduced (e.g., alkalinization and salinization).

Although there are many forms of soil degradation (e.g., physical, chemical,
and biological), in this chapter we focus solely on erosion, which is a form of
physical degradation. Erosion is chosen as it is widespread, frequently studied,
and the most visible form of soil degradation. Globally, Oldeman et al. (1990)
estimated that 85% of soil degradation is due to erosion. Erosion is a natural
process that has occurred for as long as the earth has been in existence (Larson
et al., 1983a). Some of the most productive soils in the world (e.g., loess and
alluvial soils) are a result of erosional processes. Thus, not all erosion can be
classified as degradation. As discussed above, soil degradation results from the
acceleration, by humans, of naturally occurring processes (Davis and Browne,
1996). Although a popular notion, fueled by some authors (Brown, 1994; Brown
and Wolf, 1984a, 1984b; Ehrlich and Ehrlich, 1991), states that erosion is more
severe than ever before and poses severe threats to the long-run productivity of
agriculture in the United States (Cleveland, 1995) and Canada (Fairbairn, 1984;
Prairie Farm Rehabilitation Agency, 1983; Sparrow, 1984), Larson et al. (1983a)
argued that there is insufficient evidence available to support or refute that notion.
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Research by agronomists, agricultural engineers, soil scientists, and agroecol-
ogists have identified the following effects of soil erosion (Follett and Stewart,
1985; Lal and Stewart, 1990; Pimentel, 1993; Cleveland, 1995; Loch and Silburn,
1997): (i) reduction in soil depth and potential rooting depth; (ii) reduction in
soil organic matter content; (iii) reduction in nutrient availability; (iv) nonuniform
removal of topsoil within a field; (v) exposure of, and/or mixing of topsoil with,
subsoil of poorer physical, biological, and chemical properties; (vi) changes in
soil physical properties (such as changes in bulk density, water infiltration, water-
holding capacity, texture, or structure); or (vii) some combination of the above
factors.

These changes in the physical, chemical, and biological qualities of soil are often
the primary reason for monitoring soil erosion, as they affect soil productivity.
Productivity can reflect soil erosion if yields decline with progressive erosion or
if input use increases to compensate for declines in soil quality due to erosion
(ERS, 1997). However, soils of poor physical quality (as measured by erosion and
changes in texture and organic matter) can sometimes produce very high yields
without large increases in input use (Vesterby and Krupa, 1993).

Because of the emphasis on a soil’s capacity to produce plants or biomass (see
Section II), productivity is usually expressed in terms of crop yield or output per
unit area over a given time period (NSE-SPRPC, 1981). Yield data are the way that
farmers, policy makers, and the public typically consider agricultural production
data, and they are also a basic measure of productivity in agricultural experiments
(Tomlin and Umphrey, 1996). Crop yields are, therefore, used as the measure of
productivity in this review.

B. FACTORS AFFECTING CROP YIELDS

While soil provides the basis for agricultural production, it is by no means the
only determinant of crop yields. For example, Butell and Naive (1978) identified
weather, fertilizer use, technology, and planted area as the major factors affecting
corn yields. In the period of 1954–1977, corn yields in the United States increased
from 2.5 to 5.6 Mg ha−1. According to these authors, the higher rate of fertilizer use
since the mid-1950s accounted for over half the increase in corn yields, while tech-
nology (better management and cultural practices facilitated by improved varieties
of corn and advances in pesticides, mechanization, and irrigation) accounted for
the rest of the increase. In general, crop yields are a function of interacting factors
including soil characteristics (S), management practices used (M), pest and disease
incidence (PD), and climatic conditions before and during the respective growing
season (C). Crop yield, therefore, can be represented by the following function:

Yield = f (S, C, M, PD).



12/29/2000 06:33 PM Agronomy PS014-01.tex PS014-01.xml LaTeX2e(2000/11/02) Textures 2.0

6 C. DEN BIGGELAAR ET AL.

There is a feedback mechanism between crop yields and soils (Lindert, 1999)
which may be positive (e.g., the addition of organic matter from stubble and plant
residues and, for N-fixing crops, the addition of nitrogen) or negative (e.g., the
removal of nutrients through harvests and loss of soil structure associated with
root crops, particularly during harvest operations in wet conditions). Similarly,
Young et al. (1985, quoted by Cleveland, 1995) observed that yield-enhancing
technological change may not actually offset erosion damage, but may in fact
intensify productivity damage from erosion.

Each of the factors in the above production function consists of a number of sub-
factors that may influence crop production and yield levels (Fig. 1). The question
of long-term effects of erosion on crop productivity is, therefore, a complex one
due to the many interactive factors that affect plant growth and yield (Frye, 1987).
Evaluation of the relationship between soil erosion and productivity is complicated
also by the effects of an ever-increasing level of technology on crop production.
To determine the effect of a single soil factor (erosion) on yield (as the indicator
of soil productivity) therefore requires that all other factors determining yield be
kept constant or controlled as much as possible.

C. EFFECTS OF SOIL EROSION ON CROP YIELDS

Soil erosion affects crop production and yields in multiple ways. Physical loss
of soil through erosion, leading to a decline in TSD, is the most visible form of
degradation; its effect is both long-term and cumulative. Critics of the concept of
soil loss note that nearly 75% of the “eroded” (detached and transported) soil is
eventually deposited on another site and thus is not truly “lost,” as it moves from
one part of the landscape to another (Larson et al., 1983a; National Agricultural
Lands Study, 1981; Office of Technology Assessment, 1982). It is the nutrient-
rich organic and clay particles that tend to be the soil particles dislodged and
carried away by erosion. This loss of soil organic matter (SOM), nutrients, and
water-holding capacity causes significant qualitative changes in soils (National
Agricultural Lands Study, 1981) (see Section II,A). Therefore, it may not be the
decrease in depth of topsoil or solum or to a root-restrictive layer per se that impacts
yields, but rather the changes the loss of soil brings about in other soil factors, such
as nutrient levels, pH, water-holding capacity, texture, infiltration rates, and SOM
over time, possibly rendering agriculture unprofitable or even impossible. For
example, changes in soil texture and tilth due to erosion may necessitate heavier
machinery to work the soil or more passes to prepare a suitable seed bed, increasing
the risk of compaction and the formation of plow and traffic pans (Frye, 1987).
This can cause delays in planting in spring as the soils remain too cold and wet to
enable seedbed preparation and planting. Other effects of erosion include losses
of crop stand and loss of arable land area to gully formation and land slides and
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crop burial by sediment deposition (Lal, 1987). However, even if soils become less
productive for one crop, they may remain highly productive for others better able
to exploit adverse or resource-limiting conditions.

Although erosion is the most frequently studied type of degradation affecting
crop yields, the precise relationship between erosion and productivity remains
unclear and difficult to quantify (Littleboy et al., 1996; Stocking and Sanders,
1993). Erosion and productivity are also not independent; both are influenced by
other factors (Ponzi, 1993). Moreover, the loss in productivity set in motion by
accelerated erosion may be a self-sustaining process: Loss of production on eroded
soil may further degrade its productivity (through loss of crop cover, poor stands,
and reduced amount of residues returned to the soil) which, in turn, may accelerate
erosion (Ponzi, 1993).

In a majority of studies that aimed at quantifying the relationship between soil
erosion and productivity, yield declines were related to a loss in TSD. Hoag (1998),
however, concluded that “TSD is not generally an adequate measure of produc-
tivity. The most profitable management of a soil will depend on the quality and
distribution of soil layers in the overall rooting zone. Soil substitution and mix-
ing, as well as depth, can affect productivity. Because soil layers are not uniform,
productivity may even increase or be unaffected by erosion.”

In addition to the on-site effects of erosion on soil quality, the export of soil,
nutrients, and pesticides may have adverse off-site effects through siltation of
streams and reservoirs and damage to water quality (Loch and Silburn, 1997).
This chapter does not address the off-site effects and costs of erosion.

III. DATA SOURCES AND ANALYSES

A. DATA SOURCES

This chapter is limited to studies based on field research on soil erosion–
productivity in the United States and Canada that reported quantitative yield results
(e.g., bushels per acre, tons per acre, or megagrams or kilograms per hectare). Stud-
ies which reported results only as a percentage decline in yield were excluded. Also
excluded were studies based on simulation models or regression analysis, unless
they included data from field studies that were used to develop or test the models.
Based on concerns articulated by Boardman (1998) about the “misinterpretation
and uncritical use of original field data“ in studies using secondary data, this anal-
ysis is based on original studies.

Information on the area of soil orders in the United States was obtained from
NRCS’s Soil Survey Staff (1999), while that for Canada was inferred from data
of the global soil regions map by NRCS’s World Soil Resources Staff (1997).
Information on the extent of erosion and the amount of cultivated cropland by
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soil order in the United States was obtained from the 1997 National Resources
Inventory (NRCS, 1999). Crop yield data were obtained from the 1987, 1992,
and 1997 Censuses of Agriculture (United States Bureau of the Census 1987,
1993; NASS, 1999). Data on cultivated cropland and crop yields for Canada were
obtained from the 1996 census of agriculture (Statistics Canada, 1997) and Internet
sites of provincial departments of agriculture. Data on the extent of soil erosion in
Canada were obtained from Dumanski et al. (1994) and Agriculture and Agri-Food
Canada (1998).

B. DATA ANALYSIS AND INTERPRETATION

An Access database was developed to enter the information from the studies
identified in the literature. As several studies comprised and reported on experi-
mental results from more than one soil series, a separate record was created for
each at the soil subgroup level. Soil series information was translated into the
soil subgroup of the U.S. Soil Taxonomy using the USDA–NRCS Soil Survey
Division’s Official Soil Series Descriptions on the Internet. Canadian soils are
classified using a different taxonomy; soil series were reclassified according to the
U.S. Soil Taxonomy at the soil order level (e.g., Chernozems as Mollisols, Luvisols
as Alfisols, and Podzols as Spodosols). Latitude and longitude information for the
location of the experiments, if not provided in the articles, was obtained from the
USGS (2000) Geographic Names database for locations in the United States, and
from the Natural Resources Canada (1995) Geographic Names of Canada database
for that country.

The yields reported in the literature were used to calculate mean decreases in
yield per centimeter or metric ton of soil loss due to erosion. For ease of calcula-
tion and comparison of the various studies, we assumed linear yield declines even
though in most cases observed yield declines were not linear. For studies using
topsoil removal/addition and TSD as experimental methods, actual TSD values
were used. To calculate yield impact per centimeter of soil loss in studies using
soil phases as the experimental method, we assumed a difference of 7.5 cm be-
tween severely and moderately and between moderately and slightly eroded phases
and a difference of 10 cm between slightly eroded and depositional phases (Soil
Survey Staff, 1999). Standard conversion factors employed for the U.S. Census of
Agriculture (NASS, 1999) were used for weights, measures, and yields of various
commodities.

Yield declines have generally been calculated using uneroded or slightly eroded
phases as a reference, which may not be representative of farmers’ conditions that
consist of a range of soil depths. We therefore used the mean yields across all
experimental plots as the “standard” reference yield. It would be more correct to
use the mean yield for the various crops obtained under farmer management for
the areas where the experiments were implemented, but such information is not
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available in the desired format (i.e., disaggregated by county, year, and soil order
or subgroup).

Technological advances have enabled an increase in crop yields over time in spite
of accelerated erosion. The impact of these advances is masked by averaging yields
and yield impacts of soil loss over all experimental plots, soil series/subgroups,
climate regions, experimental duration, and management practices. To account for
the effect of technological advances on crop yield and yield loss due to erosion,
we compared studies on maize carried out prior to and after 1960 by soil order and
experimental method. For other crops, this comparison was not possible as there
were too few studies in either one or the other time period. A decal comparison
would be more desirable to assess the effect of technological advances, but there
are too few soil erosion–productivity studies, even in North America, to conduct
such an analysis.

To estimate the annual amount of production loss due to erosion, we used four
types of data: (1) the area of maize, wheat, soybeans, and cotton by soil order;
(2) the mean annual erosion rates for various soil orders; (3) average crop yields
obtained by farmers on those soils; and (4) average yield impacts calculated from
the review of soil erosion–soil productivity studies. Crop areas by soil order were
calculated from the 1997 NRI for the United States and from the Canadian Census
of Agriculture for Canada. Average erosion rates by soil order were obtained
from an overlay of the soil order map and the 1992 mean annual erosion rates
on crop and CRP land for the United States and from Dumanski et al. (1994)
and Agriculture and Agri-Food Canada (1998) for Canada. Crop yield data are
averages of yields reported in the 1987, 1992, and 1997 Censuses of Agriculture
for the United States and averages of the last 5 years of available data for Canada.
The mean yield declines used for the calculations are average mean yield declines
for the respective crops and soil orders across experimental methods. For ease
of calculation, we assumed that erosion causes a uniform soil removal across the
field.

For the estimation of economic impact, we multiplied the annual production loss
estimates by the 2000 crop prices from the USDA Agricultural Baseline Projections
to 2008 (USDA, 1999). The same prices were used for the calculations of economic
impact of soil erosion in the United States and Canada assuming that farm prices
are similar in both countries. Total annual production losses were divided by the
crop area in each soil order to determine productivity losses on a per-hectare basis.
The resulting figure was then multiplied by the same prices as used to calculate
the overall economic impact to obtain the economic impact per hectare.

C. LOCATION OF EROSION–PRODUCTIVITY STUDIES

From a review of the literature, 90 field-based studies on soil erosion and pro-
ductivity were identified. The database resulted in a total of 197 separate records,
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covering 75 soil subgroups—59 in the United States and 16 in Canada. The stud-
ies are not evenly dispersed over the territory of these countries, however. Rather,
soil erosion–productivity studies are concentrated in a few areas: the corn belt in
the Midwest and the Palouse area in the Pacific Northwest in the United States
and Alberta in Canada. Figure 2 shows the locations of the various experiments
in relation to soil orders. Looking at the study locations on the map of average
annual erosion rates shown in Fig. 3 shows that most studies were not done in areas
with the highest erosion rates. For example, only one study was located in eastern
Colorado, although most of the cropland in that part of the state erodes at a rate
of 18 Mg ha−1 yr−1 or more (based on 1992 NRI data). The studies in Texas were
also not done in the areas experiencing the most severe erosion in the state. On the
other hand, many of the studies in Illinois, Indiana, New York, North Dakota, and
Ohio were located on land eroding at a rate of <4 Mg ha−1 yr−1.

Mollisols and Alfisols are the most frequently studied soils in both the United
States and Canada (Fig. 2 and Table I), reflecting the importance of these soils for
the production of maize, soybeans, wheat and barley.

In the United States, a diversity of crops grown are on each soil type. Maize,
however, was the most common crop in the experiments on Alfisols, Mollisols,
and Ultisols. Wheat studies were primarily conducted on Mollisols, whereas the
impact on soybean yield has been tested on many soils but mostly on Alfisols. In
the Canadian studies, maize was the dominant crop in experiments on Alfisols,
whereas wheat was the dominant test crop on Mollisols.

The use of erosion phases was the most commonly used method to determine
the effect of erosion on yield. This method was used in 41% of the cases, followed

Table I

Soil Orders Represented in the Database (Number and Percentage of Records)

United States Canada

No. (%) of No. of soil No. (%) of No. of soil
Soil order records subgroups represented records subgroups represented

Alfisols 54 (35%) 17 17 (41%) 6

Mollisols 69 (45%) 24 24 (57%) 9

Ultisols 22 (14%) 7 n.d.a n.d.

Aridisols 1 (0.7%) 1 n.d. n.d.

Entisols 2 (1.3%) 2 n.d. n.d.

Inceptisols 4 (2.6%) 4 n.d. n.d.

Oxisols 1 (0.7%) 1 n.d. n.d.

Spodosols 1 (0.7%) 1 1 (2%) 1

Total 155 (100%) 42 (100%)

a n.d. = no data.
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by topsoil removal and addition (27%), TSD (22%), and depth to fragipan (7%).
Soil surveys were used in one study, whereas management practices were used in
six studies.

IV. RESULTS

A. EXTENT OF EROSION IN NORTH AMERICA

Concerns about the severity of soil erosion in the United States date to the 1930s,
when Bennett (1931) warned that millions of hectares of agricultural land had been
“devastated” by erosion (Cleveland, 1995). The rate of erosion on U.S. cropland
has declined in recent years due to conservation tillage and other measures encour-
aged by the 1985 farm bill and the removal from production of the most highly
erodible cropland under the Conservation Reserve Program (CRP) (Magleby et al.,
1995). According to 1997 NRI data, the mean annual erosion rate on nonfederal
cultivated cropland in the United States has declined from 17.9 Mg ha−1 in 1982 to
16.8 Mg ha−1 in 1987, 13.9 Mg ha−1 in 1992, and 12.5 Mg ha−1 in 1997 (NRCS,
1999). These trends correspond to a decline in soil erosion in the United States
from 2.8 billion Mg yr−1 to 1.72 billion Mg yr−1 between 1982 and 1997. In 1992,
seven states exceeded their 1982 erosion rates (i.e., Arizona, Connecticut, Min-
nesota, New Mexico, Utah, Washington, and Wyoming); in 1997, only Arizona
and Connecticut remained above 1982 erosion rates (Fig. 4). Figure 4 also shows
the erosion rate of cultivated cropland for Canada by province in 1997. Erosion
rates are relatively high in Ontario and New Brunswick (10–15 Mg ha−1), but rates
in the prairie provinces are comparable to those in adjacent U.S. states.

Political units are not a particularly useful way to show erosion rates, as they may
contain numerous soils differentially affected by erosion and vary in the amount
of land in cultivation. The map in Fig. 3 shows the average annual soil erosion on
cropland and CRP land in 1992. Comparing the maps in Figs. 3 and 4 reveals that
the high erosion rates, for example, in Arizona, Utah, and Nevada are due largely
to relatively small cultivated areas eroding at very high rates.

To estimate the loss of production due to erosion, we need to know the amount
of cropland and cropland erosion rates for predominant soil orders. The data in
Table II show average erosion rates by soil order. Erosion rates are highest on
cropland on Aridisols (i.e., >25 Mg ha−1). On soils that are most important to
crop production in the United States (i.e., Alfisols, Mollisols, and Ultisols), average
erosion rates are lower (11.5, 11.5, and 9.8 Mg ha−1 yr−1, respectively) and are at
or below the tolerable rate (T) established by NRCS. Assuming a bulk density of
1.5 Mg m−3, the erosion rates on these soil orders translate into a soil loss of 0.65
to 0.76 mm yr−1 (Table II). Although T values vary by soil series and can be as
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Figure 4 Mean annual wind and water erosion rates on nonfederal, cultivated cropland by state
or province, 1982 to 1997 (source: 1997 NRI; Agriculture and Agri-Food Canada, 1998).
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Figure 4 Continued
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Table II

Total Area of Soil Orders in the United States and Mean Annual
Water and Wind Erosion on Cultivated Cropland and CRP on Those

Soil Ordersa

Mean erosion rate

Soil order Area (Mha) Mg ha−1 yr−1 mm ha−1 yr−1

Alfisols 126.9 11.5 0.77

Andisols 15.6 5.0 0.33

Aridisols 76.0 25.7 1.71

Entisols 112.2 10.7 0.71

Histosols 15.0 3.3 0.22

Inceptisols 88.9 9.6 0.64

Mollisols 196.7 11.5 0.77

Spodosols 31.8 4.8 0.32

Ultisols 84.2 9.8 0.65

Vertisols 18.2 10.7 0.71

aSource: Soil Survey Staff (1999); 1992 NRI.

low as 2.2 Mg ha−1 (1 ton acre−1), for most soils they are 11.2 Mg ha−1. Examples of
some representative soils are given in Table III. The percentage of land eroding at or
below T value has increased over time. Based on the 1997 NRI data, average annual
sheet and rill erosion in the United States was at or below T on 81% of cultivated
cropland, up from 73% eroding at or below T in 1982. For wind erosion, 85% of
cultivated cropland eroded at or below T values in 1997 (up from 79% in 1982).

No precise figures for erosion rates are available for Canada. According to a
report by Dumanski et al. (1994), water erosion exceeded 10 Mg ha−1 on 13%

Table III

Tolerable Erosion Loss of Selected Soil Seriesa

Soil series Soil subgroup Location T (Mg ha−1 yr−1)

Fayette Typic Hapludalf Wisconsin 11.2

Keene Aquic Hapludalf Ohio 9.0

Austin Udorthentic Haplustoll Texas 4.5

Marshall Typic Hapludoll Iowa 11.2

Shelby Typic Argiudoll Missouri 11.2

Cecil Typic Kanhapludult Georgia 6.7

aSource: Terry (1997).
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of Canada’s cultivated land in 1986, whereas wind erosion exceeded 10 Mg ha−1

on 15% of cultivated land. These figures are comparable to the extent of erosion
reported for the United States in the NRI (81 and 85% eroding at or below T
for water and wind erosion, respectively). A report by Agriculture and Agri-Food
Canada (1998) estimated average erosion rates of 4.8 Mg ha−1 yr−1 for Mollisols
and 7.2 Mg ha−1 yr−1 for Alfisols, which are much lower than the rates of erosion
on these soils in the United States. Tomlin and Umphrey (1996) concluded that
soil erosion is less severe in Canada than in most other countries because of its
temperate climate and the effects of snow cover, a shorter growing season, and
a shorter agricultural history. These authors did not see a clear nationwide trend
for reduced soil productivity, although yield improvements due to chemical and
energy inputs and improved varieties and agronomic practices may be masking
the effect of soil degradation.

B. IMPACT OF EROSION ON CROP YIELDS

1. Maize

The majority of the studies we reviewed tested the effect of erosion on maize
yields. In the United States, erosion–productivity studies on maize were carried
out in 18 states, although most of the studies were done in Illinois (27% of the
database records), South Dakota (14%), Missouri (11%), and Indiana (9%). Few
studies have been conducted in Iowa and Ohio (6% of the records each). In Canada,
all erosion–productivity studies on maize were located in southern Ontario.

The mean maize yield across experimental plots in the studies reviewed ranged
from 3.3 to 7.8 Mg ha−1 (Table IV). The mean yield decline per centimeter of
soil loss ranged from 0.04 Mg ha−1 on Mollisols to 0.153 Mg ha−1 on Ulti-
sols. Mean declines in maize yields are similar on all Mollisols regardless of the
experimental method used: 0.054 Mg ha−1 cm−1 soil loss using depth to fragi-
pan, 0.043 Mg ha−1 cm−1 using erosion phases, 0.04 Mg ha−1 cm−1 using TSD,
and 0.047 Mg ha−1 cm−1 in topsoil removal and addition experiments. For Al-
fisols, the range in yield decline was larger than for Mollisols, ranging from
0.092 Mg ha−1 cm−1 on TSD experiments to 0.153 Mg ha−1 cm−1 on experi-
ments using topsoil removal and addition. The mean yield decline in depth to
fragipan studies was similar to the mean yield decline in TSD studies, although
the range of observed yield declines was larger in the depth-to-fragipan studies.
Erosion phase studies reported mean yield declines similar to those in TSD and
topsoil removal studies.

The range of mean yield declines reported in the studies was also larger on
Alfisols than on Mollisols. Overall, studies using erosion phases as their experi-
mental methods produced the widest range of mean yield declines. Yield declines
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across all studies ranged from −0.012 to 1.03 Mg ha−1 cm−1 for Alfisols and
−0.08 to 0.189 Mg ha−1 cm−1 for Mollisols (a negative decline indicates that
yields were higher on the eroded plots than on the control plots without ero-
sion). Erosion phases and TSD were the only two experimental methods used to
determine the impact of erosion on maize yields on Ultisols. The mean yield de-
cline was 0.143 Mg ha−1 cm−1 soil loss for erosion phase studies compared with
0.107 Mg ha−1 cm−1 for TSD studies.

In relative terms, maize yield decline was greatest on Ultisols and Oxisols
(3% cm−1 soil loss compared to 0.7% cm−1 for Mollisols). Relative mean yield de-
clines on Ultisols were slightly larger in the TSD studies (3.2%) than in the erosion
phase studies (3%), but showed little variation across the experimental methods
used on Mollisols (0.6–0.8%). For Alfisols, the relative mean yield declines ranged
from 1.3% cm−1 in the TSD studies to 2.6% cm−1 on the topsoil removal studies.
The average yield decline on Alfisols across experimental methods was 1.8% cm−1

of soil loss.
Because the studies reviewed in this chapter cover a 50-year time span and

are aggregated at the level of soil order, average yields from the experiments in
Table IV are lower than those presently achieved on farmers’ fields. High-yielding
varieties, increased use of fertilizers and pesticides, and improved management
practices have led to enormous increases in yields since 1950. These advances
are masked, however, by averaging yields over all experimental plots across soil
series/subgroups, climatic regions, and time. To examine the possible effects of
technological advances, results of studies conducted on maize prior to 1960 were
compared to those conducted after 1960. The data in Table V show that mean maize
yield of the experiments nearly doubled in studies conducted after 1960, irrespec-
tive of soil orders and experimental designs, compared to those prior to 1960.

More importantly, the mean decline in yield per centimeter of soil loss declined
on the Alfisol and Mollisol studies, but not on the Ultisol studies. In the TSD exper-
iments, the mean yield decline decreased 32% (from 0.118 to 0.08 Mg ha−1 cm−1)
in Alfisols and 108% (from 0.059 to −0.005 Mg ha−1 cm−1) in Mollisols. In rel-
ative terms, mean yield decline decreased from 2.7 to 0.9% in Alfisols and from
1.6 to −0.06% in Mollisols. Although yields of maize grown on Ultisols increased
260% (from 1.79 to 4.73 Mg ha−1 yr−1), the mean yield decline per centimeter of
soil loss on these soils increased by 171% (from 0.058 to 0.157 Mg ha−1 cm−1).
The yield decline cm−1 of soil loss remained the same in relative terms (3.2 vs
3.3%), though. Last, in the topsoil removal study on a Mollisol, maize yields nearly
doubled but yield losses due to soil loss declined in both absolute (from 0.059 to
0.046 Mg ha−1 cm−1) and relative terms (from 1.8 to 0.7%). This demonstrates
that changes in technology affect not only yields but also yield response to soil
loss; for maize, technological advances may reverse some of the effects of soil
loss.
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2. Wheat

Studies which estimated the impact of erosion on wheat yields were primarily
conducted in the Palouse region of eastern Washington, eastern Oregon, and Idaho
and the Canadian prairie provinces (e.g., Alberta, Saskatchewan, and Manitoba).
Most studies were conducted on Mollisols, using topsoil removal and addition
as the experimental method. A study on the influence of management practices
on soil erosion and wheat yields by Monreal et al. (1995) is the longest running
experiment included in this chapter. This experiment on an Alfisol in Breton,
Alberta comprised 60 years of data, whereas the experiment in Swift Current,
Saskatchewan was conducted for 23 years (Table VI).

The mean yield in these studies ranged from 1.6 to 8.0 Mg ha−1, while the mean
decline in yield due to soil loss by erosion ranged from 0.005 Mg ha−1 cm−1

[a wind erosion study by Larney et al. (1998) in Lethbridge, Alberta] to
0.143 Mg ha−1 cm−1 on an Aridisol in Idaho (Table VI). Mean yield decline
in TSD studies on Mollisols was 19 kg ha−1 cm−1 higher than in studies using
topsoil addition and removal (0.063 vs 0.044 Mg ha−1 cm−1, respectively). The
range of yield declines reported in different studies was similar for the TSD stud-
ies (0.003–0.225 Mg ha−1 cm−1) and the topsoil removal and addition studies
(−0.033–0.179 Mg ha−1 cm−1), even though the yield declines are lower in the
topsoil removal studies.

The relative decline in mean wheat yield as a result of soil loss was highest in
the study of Monreal et al. (1995), which involved different management prac-
tices as the experimental method. Mean yield declined 6.4% cm−1 of soil loss on
Alfisols and 6.7% cm−1 on Mollisols. In the topsoil removal studies on Alfisols by
Izaurralde et al. (1998) and Larney et al. (1995), the yield decline was 5.4% cm−1

soil loss, which is particularly high, but was obtained from two studies of 1-year
duration. Topsoil removal studies on Mollisols resulted in a mean yield decline of
2.3%, obtained from 15 studies with a mean duration of 4 years.

For a few studies on wheat, separate measurements were made to determine the
impact of erosion on straw yield. A 10-year study by Rasmussen et al. (1991) in
Washington showed that wheat straw yield slightly increased (2 kg ha−1 cm−1 or
0.03%) with decreasing TSD (Table VII), whereas studies by Verity and Anderson
(1990), Tanaka (1995), and Larney et al. (1995) showed that straw yields declined
an average of 110 kg ha−1 cm−1 (range 0.053–0.187 Mg ha−1 cm−1) or 2.7% cm−1

of soil removed.

3. Soybeans

The effects of soil loss on yields of soybeans were studied most frequently on
Alfisols and Ultisols using erosion phases and topsoil removal and addition as the
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Table VII

Impact of Erosion on Wheat Straw Yields

Mean yield
Mean duration Mean yield decline (range)

Experimental Soil No. of of experiments of experiment (Mg ha−1 cm−1

set-up order records (years) (Mg ha−1) soil loss)a Sourcesb

Topsoil depth Mollisols 1 10 6.5 (−0.002) 58

Topsoil removal Mollisols 5 3 4.1 0.110 (0.053–0.187) 35, 69,
and addition 73

aNegative numbers in parentheses indicate a yield increase.
bSee references; numbers correspond to superscripts.

experimental methods (Table VIII). Mean yields ranged from 0.9 Mg ha−1 on an
Entisol on a lower coastal plain site in Alabama (McDaniel and Hajek, 1985) to
2.8 Mg ha−1 on Mollisols in Indiana (Schertz et al., 1985, 1989) and in the Palouse
Hills in Washington (Wetter, 1977). In absolute terms, yield of soybeans appear to
be little affected by erosion. Yield decline was less than 40 kg ha−1 cm−1 of soil
loss on all soils except Ultisols, in which mean decline was about 75 kg ha−1 cm−1

(Table VIII). The ranges of mean yield declines reported in the various studies was
also narrow, although the number of records considered is too small to draw any
definitive conclusions.

In relative terms, yield declines in these studies ranged from 0.5 to 4.4% cm−1

of soil loss. The largest yield losses occurred on Ultisols (4.1 and 4.3% cm−1 on
erosion phases and TSD studies, respectively) and in TSD studies on an Entisol
(4.4% cm−1) and an Inceptisol (3.4% cm−1). The relative mean yield decline in
Alfisols was smallest in studies using topsoil removal (0.5% cm−1 soil loss) and
largest on TSD experiments (1.8% cm−1 soil loss). Relative mean yield declines
were similar on Mollisols in erosion phase and topsoil removal studies (1.3 and
1.5% cm−1, respectively). The relative decline in yield in Mollisols in Alabama
was 3.1% cm−1 (Hairston et al., 1989), more than double the decline observed in
Mollisols elsewhere. The relative decline computed for this study is similar to that
for Entisol and Inceptisol. However, there was only one study on each of these
three soils covering a 2-year period.

4. Cotton

The highest relative yield decline of 12% in Table IX was in seed cotton grown
on Ultisol in a topsoil removal experiment. This study by Latham (1940), however,
is among the earliest erosion–soil productivity studies. The relative decline may
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be smaller if modern varieties and production technologies were used. The TSD
studies in Ultisols with cotton show a mean yield decline of 0.04 Mg ha−1 cm−1,
or 3.3% cm−1, while in erosion phase studies mean yield decline was 2.7% cm−1

(0.067 Mg ha−1 cm−1). Absolute yield decline in these studies (Adams, 1949;
Stallings, 1957; McDaniel and Hajek, 1985; and Langdale et al., 1987) ranged
from 0.028 to 0.087 Mg ha−1 cm−1 and may provide a more realistic estimation
of the impact of erosion on cotton yields.

5. Hay and Fodder Crops

There are six published reports on erosion’s impact on the productivity of hay and
fodder crops, five of which used TSD as the experimental method and one of which
used the topsoil removal and addition method (Table X). Data on fodder grasses
in the topsoil removal experiment on Mollisols by Greb and Smika (1985) showed
little to no impact of erosion; yield of crested wheatgrass (Agropyron cristatum L.
Gaertn.) declined 0.013 Mg ha−1 cm−1 of soil loss (1.7%), whereas that of sudan
grass [Sorghum sudanense (Piper) Stapf.] actually increased 14 kg ha−1 cm−1 of
soil loss. The yield of russian wildrye [Psathyrostachys juncea (Fisch.) Nevski]
decreased at an average rate of 2 kg ha−1 cm−1 of soil loss (0.2% cm−1).

In the TSD experiments, there was a decline in the average yield with pro-
gressive reduction of TSD. Mean yield decline was 1.5% cm−1 for both vetch
(Vicia sativa L.) grown on Ultisols (0.247 Mg ha−1 cm−1) and alfalfa (Medicago
spp. L.) grown on Mollisols (0.025 Mg ha−1 cm−1). The percentage decline in
alfalfa yield grown on Aridisols was about half of that for alfalfa grown on Mol-
lisols (0.8% cm−1), although the measured yield decrease was larger in abso-
lute terms (0.048 Mg ha−1 cm−1). Hay yields on Alfisols declined 1.1% cm−1

(0.089 Mg ha−1 cm−1) and were the same in both studies. The relative impact of
erosion on the yield of hay and fodder crops is small, with little variation reported
across the limited number of studies on these crops.

6. Miscellaneous Crops

A variety of other crops were studied by researchers on a limited scale. Most
of these studies were conducted on one soil series only, and studies were of a
1- to 5-year duration. Six studies investigated the impact of erosion on oat (Avena
sativa L.) yields, and two studies each involved potatoes (Solanum tuberosum L.),
beans (Phaseolus vulgaris L.), and barley (Hordeum vulgare L.). Three studies
involved grain sorghum [Sorghum bicolor (L.) Moench] (Table XI). Other crops
reported on in the literature were silage maize, sugar beets (Beta vulgaris L.),
and grapes (Vitis vinifera L.). Relative mean yield declines were smallest for the
root crops: 0.4% for sugar beets on an Aridisol in Idaho (Carter et al., 1985)
and 0.6 and 1.0% for potatoes produced on Aridisols and Spodosols, respectively
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(Carter et al., 1985; DeHaan et al., 1999). The yield declines of the four crops
tested by Carter et al. (1985) were smaller, both in absolute and relative terms,
than the yield declines of crops grown on other soils. The absolute yield decrease
in barley on the Aridisol and the Alfisol (Table XI) was about the same (0.057
and 0.058 Mg ha−1 cm−1, respectively), but in relative terms the decline was
much smaller (1.1%) on the Aridisol than on the Alfisol (3.7%). The difference
in yield, however, cannot be solely attributed to a difference in soils; the study
on Aridisols was conducted in the 1980s, whereas that on the erosional impact on
barley yield on the Alfisol dates from 1957. Advances in crop management and the
availability of high-yielding barley varieties led to higher yields, decreasing the
relative decline in yields resulting from erosion. The results of studies on sorghum
are mixed; topsoil removal and addition studies on Mollisols by Eck (1968, 1987)
and Eck et al. (1965) in Texas show a 1.4% decline in yields, whereas a study
using erosion phases on Ultisols by Langdale et al. (1987) in Georgia showed that
yields increased 1.2% cm−1 soil loss.

Erosion’s effects on oats were studied by six researchers on three soils using
three experimental methods. Mean yields of all experiments ranged from 1.1 to
2.5 Mg ha−1 [no yield data were reported by Barre (1939)], and yield decline
ranged from 0.017 to 0.063 Mg ha−1 cm−1 (Table XI). The relative yield decline
was smallest in a topsoil removal study on Mollisols (0.8%) by Murray et al.
(1939) and highest on an erosion phases study on an Alfisol (5.8%) by Fenton
et al. (1971).

V. CROP PRODUCTION LOSS DUE TO EROSION
IN NORTH AMERICA

Based on the average decline in yield of different crops for each centimeter
of soil loss presented in the previous section, we calculated the potential loss of
production due to erosion. Susceptibility to erosion differs among soils (Table II).
The loss of 1 cm of soil may occur faster on Aridisols (eroding at an average
rate of 25.7 Mg ha−1 yr−1) than on Alfisols and Mollisols (eroding at an average
rate of 11.5 Mg ha−1 yr−1). For the United States, we calculated the annual loss
of production using the average erosion rates by soil orders from Table II. For
Canada, calculations are based on average annual erosion rates of 4.8 Mg ha−1

for Mollisols and 7.2 Mg ha−1 for Alfisols (Agriculture and Agri-Food Canada,
1998). The results of the calculations are shown in Table XII for the United States
and Table XIII for Canada.

In the United States, the maximum potential crop production lost annually
through accelerated erosion is 229 × 103 Mg of maize, 54 × 103 Mg of wheat,
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Table XII

Potential Annual Loss in the Production of Maize, Wheat, Soybean, and Cotton in the United
States as a Result of Erosion

Annual loss of
Area in cropa Mean yielda Mean yield impactb productionc

Crop Soil order (Mha) (Mg ha−1) [Mg ha−1 cm−1 (%)] [103 Mg (%)]

Maize Alfisols 10.8 7.5 0.133 (1.8%) 111.1 (0.14%)
Mollisols 17.7 7.9 0.048 (0.8%) 86.1 (0.06%)
Ultisols 2.8 5.8 0.131 (3.1%) 32.0 (0.2%)

Soybeans Alfisols 7.7 2.4 0.021 (0.9%) 12.9 (0.07%)
Mollisols 10.9 2.7 0.037 (1.5%) 33.5 (0.12%)
Ultisols 2.9 1.8 0.075 (4.2%) 13.8 (0.27%)

Wheat Alfisols 3.4 3.1 0.028 (0.4%) 3.2 (0.03%)
Mollisols 20.5 2.3 0.054 (1.4%) 50.4 (0.11%)

Cottond Ultisols 0.8 1.1 0.049 (3.1%) 1.9 (0.2%)

aMean of 1987, 1992, and 1997 U.S. agricultural census data.
bDecrease in yield is calculated as the percentage of mean experimental yield across experimental

methods (Tables III, V, and VI).
cBased on average annual erosion rates of 11.46, 11.54, and 9.78 Mg ha−1 yr−1 on Alfisols, Mollisols,

and Ultisols, respectively (1992 NRI data) and assuming a bulk density of 1.5 Mg m3.
dCotton production is reported in bales in the census; conversion to megagrams is based on mean

bale weight of 217.72 kg.

Table XIII

Potential Annual Loss in the Production of Maize, Wheat, and Soybean in Canada
as a Result of Erosion

Area in cropa Mean yieldb Mean yield impactc Annual loss of productiond

Crop Soil order (Mha) (Mg ha−1) [Mg ha−1 cm−1 (%)] [103 Mg (%)]

Wheat Alfisols 0.36 2.5 0.114 (5.7%) 2.5 (0.27%)
Mollisols 9.90 2.2 0.047 (2.7%) 19.0 (0.09%)

Maize Alfisols 1.05 7.0 0.073 (1.5%) 5.3 (0.07%)

aSource: 1996 Census of Agriculture, Statistics Canada.
bSources: Ontario Ministry of Agriculture, Food and Rural Affairs; Alberta Department of Agri-

culture, Food and Rural Development; Saskatchewan Department of Agriculture and Food; Manitoba
Department of Agriculture and Food; and Quebec Ministry of Agriculture, Fisheries and Food.

cDecrease in yield is calculated as the percentage of mean experimental yield across experimental
methods (Tables III, V, and VI).

dBased on average annual erosion rates of 7.2 and 4.8 Mg ha−1 yr−1 on Alfisols and Mollisols,
respectively (Agriculture and Agri-Food Canada, 1998) and assuming a bulk density of 1.5 Mg m−3.
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61 × 103 Mg of soybeans, and 1.9 × 103 Mg of cotton, respectively (Table XII).
The relative decline in production ranges from 0.03 to 0.3% yr−1, or 0.9 to
11.6 kg ha−1 yr−1. Production loss is low for soybeans and wheat on Alfisols
(0.07% yr−1 and 0.03% yr−1, respectively) and maize on Mollisols (0.06% yr−1).
Production losses are intermediate for maize on Alfisols (0.14% yr−1) and soy-
beans and wheat on Mollisols (0.12% yr−1 and 0.11% yr−1, respectively). Crops
grown on Ultisols show the highest decline in production as a result of erosion;
relative production loss of maize, soybeans, and cotton on these soils is 0.2% yr−1,
0.27% yr−1, and 0.2% yr−1, respectively. At 2000 prices (USDA, 1999), these
losses represent a total value of U.S.$37.9 million for the selected crops and soil
orders. Scaling up to account for the additional acreage of these crops that is
grown on soils other than Alfisols, Mollisols, and Ultisols, an estimate annual loss
of U.S.$55.6 million is generated for the United States as a whole. This figure,
based on rates of erosion distinguished spatially by crop and soil order, is about
25% lower than the U.S.$82.9 million estimate that results from applying the 1992
average erosion rate across all soils and crops. The latter figure would be even
higher if the 1982 average erosion rate was used.

For Canada, the maximum potential production loss is 5.3 × 103 and
21.5 × 103 Mg for maize and wheat, respectively (Table XIII). Using the same
prices as for the United States, this translates into a loss of U.S.$3.2 million per
year for the selected crops and soil orders. Relative production loss is less than
1/10th of 1% for maize on Alfisols (0.07% yr−1) and wheat on Mollisols (0.09%
yr−1). Annual production loss of wheat grown on Alfisols in Canada, however, is
more than four times higher than that on Mollisols (0.27% yr−1). This difference
may be due to the different types of wheat grown on these soils: winter wheat on
Alfisols and spring wheat on Mollisols.

In both countries, these aggregate losses to producers conceal spatial differences
that are potentially significant. Further GIS analysis would enable identification
of these differences across soil suborders, crops, and erosion rates. In addition to
these productivity losses, the off-site societal costs of erosion are also potentially
significant (Crosson 1986, 1997; Ribaudo, 1989).

VI. ASSUMPTIONS

Most studies relating crop productivity to soil erosion reviewed in this chapter
were based on two assumptions: (1) All soil properties of the experimental site were
similar when first cultivated and (2) the productivity of the site was uniform until
erosion occurred (Daniels et al., 1987). These assumptions relate any reduction
in yield to differences in TSD and thus to erosion severity. Williams and Tanaka
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(1996), however, showed that, at least in the Northern Great Plains, differences in
TSD on the landscape are not entirely due to soil erosion. Soils within a landscape
or even within one field can have varying TSD and solum thickness, sometimes
even within small distances. The soils in some positions on the landscape may
not have developed as thick of an A-horizon or as mature a soil profile due to
different rates of soil formation caused by differences in topography and climate.
The assumptions of uniform soil properties and equal productivity, therefore, are
usually not valid (Daniels et al., 1987). Research by Lamb et al. (1995, 1997) in
Minnesota; Halvorson (1999) at the Kellogg Biological Station near Battle Creek,
Michigan; and Karlen et al. (1990) in South Carolina showed great variability in
yields over space and time. These researchers found that yields were not spatially
consistent over time, i.e., areas with good and poor yields were not similar among
years. Crop yield differences on eroded and slightly eroded soils, therefore, may
not be the result of TSD differences due to erosion alone. Nevertheless, erosion
does have adverse effects on yields, but the precise mechanisms are not yet well
understood.

A. RANGE OF EXPERIMENTAL METHODS, MANAGEMENT

PRACTICES, AND TIME PERIODS

The principal limitation of estimating productivity loss from the available lit-
erature is that data are obtained from a range of experimental methods and man-
agement practices over varying time periods. While the impact on crop yields and
production losses appear to be similar for the different methods used, they are not
directly comparable. Topsoil removal and addition experiments provide a measure
of the potential impact of future erosion, whereas the other methods reflect the
effects of past erosion. Each of these methods has inherent strengths, weaknesses,
and biases that can result in the measured soil productivity response attributed to
erosion being potentially confounded with other variables (Olson et al., 1994).
For a description of the various methods employed in soil erosion–productivity
studies, as well as their strengths and weaknesses, we direct the readers to NSE-
SPRPC (1981), Rijsberman and Wolman (1984), Follett and Stewart (1985), Lal
(1987, 1997, 1998), Larson et al. (1990), and Olson et al. (1994). Despite these
differences, for this analysis it was necessary to assume that the results of the
studies were comparable.

The studies considered in this chapter were carried out over a range of time
periods, ranging from 1 to 60 years. Ninety percent of the studies included in this
chapter had a duration of 5 years or less; of these, 29% had a duration of 1 year and
28% had a duration of 2 years. Only 4% of the studies collected data over a period
of more than 10 years [studies by Alberts and Spomer (1987) and Monreal et al.
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(1995)]. According to Rijsberman and Wolman (1984), a period sufficiently long
to show the effect of erosion on yields would generally be more than 10 years. Even
with data over such a time period available, these authors argue that it would not
be easy to distinguish trends in yields as a result of erosion from trends as a result
of, for example, changes in technology, pest and disease incidence, and climate.
Regarding climate, there may be considerable year-to-year variation in yields due
to weather. In dry years, this may result in significant decreases in yield on eroded
plots, whereas in years with abundant rainfall, yields of eroded plots may be the
same (and in some cases be higher) than the yield on the uneroded control plots.
Shaffer et al. (1994), therefore, concluded that even 3 to 6 years of data may not
be adequate to describe long-term climate impacts on crop response to erosion.

B. DIFFERENTIAL RELATIONSHIPS BETWEEN DEGRADATION

AND YIELDS

For ease of analysis and comparison of the data, we assumed that the relationship
between soil degradation and soil productivity was linear for all cases. In reality,
linear relationships are seldom found (Hopkins et al., personal communication).
On Alfisols and Ultisols, Latham (1940) found that yield declines from the first few
centimeters of soil loss are usually greater than yield declines from subsequent soil
loss. In contrast, research on Mollisols by Odell (1950), Tanaka and Aase (1989),
and Verity and Anderson (1990) and on Vertisols by Hairston et al. (1989) and
Miller et al. (1985) showed that yield declined gradually until a minimum, critical
TSD was reached, after which a more rapid decrease in yield was observed. Massee
(1990) and Larney et al. (1995) found that wheat yields related exponentially to
depth of topsoil on Mollisols in Idaho and quadratically on six Mollisols in Alberta
respectively.

Productivity decline, therefore, is usually not linear with respect to soil loss, but
the precise nature of the relationship is specific to the soil type and the environment
(Stocking and Peake, 1985). Yield–degradation relationships may also not remain
the same over the duration of the experiment because of fluctuations in climate or
other, noncontrolled variables. Swan et al. (1987) found that the relationship of corn
yield to soil depth to residuum on Rozetta and Palsgrove soil series in Wisconsin
was dependent on the year selected for measurement and on the associated climatic
conditions that occurred during the growing season. Swan et al. go on to say that
because the yearly depth–yield relationships are so strongly dependent on climatic
conditions, accurate determination of the long-term effect of depth on yield must be
based on a statistically sound representation of climatic conditions. With a limited
number of years of observation, averaging the yearly depth–yield relationships
may, therefore, not provide an accurate estimate of yield because of the variable
yields observed between years.
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C. EFFECTS OF TECHNOLOGICAL ADVANCES

During the roughly 60 years covered by the studies included in this chapter
(from 1939 to 1999), agricultural production practices have changed dramatically,
increasing yields in spite of nationwide erosion rates that were well above tolerance
levels for much of this period. For example, maize yields in Pottawattamie County,
Iowa, increased at a rate of 0.037 Mg ha−1 yr−1 between 1929 and 1953 and
0.145 Mg ha−1 yr−1 during the 1957-to-1970 period (Spomer and Piest, 1982).
Overall, crop output increased at an annual rate of 2% between 1948 and 1994
(Ahearn et al., 1998). The increase in yield is highly correlated with the increased
use of fertilizers and agrichemicals; U.S. fertilizer use increased at an annual rate of
1.72% in the 1948-to-1994 period, while pesticides use grew at a compound annual
rate of 4.73% during this period (Ahearn et al., 1998). The growth in fertilizer use
was especially high in the 1970s: 4.73% per annum.

The increasing use of chemical fertilizers and pesticides together with mech-
anization and the use of high-yielding hybrid varieties enabled drastic increases
in yields and in production. However, the increase in crop yields made possible
by science and technological advances may be masking the effects of erosion on
long-term soil productivity (Lindstrom et al., 1986; Spomer and Piest, 1992; Ponzi,
1993; Dregne, 1995). Krauss and Allmaras (1982) and Kaiser (1967) concluded
that wheat yields in the Palouse region of the northwestern United States would
have been 22% higher in 1976 if the area had not experienced 90 years of excessive
erosion. Actual yields on eroded sites had increased as a result of technological
advances, despite the erosion.

VII. IMPLICATIONS FOR RESEARCH AND POLICY

The amount of erosion occurring on U.S. cropland decreased between 1982
and 1997 as a result of the retirement of the most highly erodible land and the
increasing use of conservation tillage. In 1997, the majority of cultivated cropland
in the United States and Canada1 eroded at or below tolerable rates, translating into
a soil loss of ≤0.8 mm yr −1.2 In general, the studies reviewed showed a decrease
in productivity with accelerated soil erosion. Our results, therefore, concur with
findings of earlier reviews of the relationship between soil erosion and productivity.
The decline in yield, however, is not the same for different soils and crops.

1Erosion risk classes in Canada are different from those in the United States. Very low, or tolerable,
rate is <6 Mg ha−1 yr−1, while a low rate equals 6–11 Mg ha−1 yr−1 (Wall et al., 1997).

2Assuming bulk densities of 1.5 g cm3 and annual erosion at a rate of T (11.2 Mg ha−1), 1 cm of
soil would be lost in 13.3 years.
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A. DECLINE IN CROP YIELDS

In general, for the various crops tested in the experiments, Mollisols recorded a
smaller decline in yield due to erosion than Alfisols and Ultisols (in that order). In
the United States, the average annual yield decline due to accelerated erosion for
maize was 0.15% on Alfisols, 0.06% on Mollisols, and 0.2% on Ultisols. In Canada,
maize yields declined 0.07% yr−1 on Alfisols. Overall, wheat yields declined by
0.03 and 0.11% yr−1 on Alfisols and Mollisols in the United States and 0.27 and
0.09% yr−1 on Alfisols and Mollisols in Canada as a result of erosion. In several
studies, maize and wheat yields on Mollisols actually increased on moderately and
severely eroded plots compared to slightly or noneroded plots.

The relative wheat yield declines per centimeter of soil loss are higher in Canada
than in the United States for similar soils. The reasons for this are not clear, but
we surmise that some of the difference may be a result of aggregating soils at the
soil order level. This aggregation may mask differences between soils that could
become apparent at a lower level of aggregation (e.g., soil subgroup or soil series).
Interactions with other factors (notably climate, management, and varieties) may
also cause some of the observed differences. Average soybean yield declined 0.07,
0.12, and 0.27% yr−1 on Alfisols, Mollisols, and Ultisols, respectively, whereas
average cotton yields on Ultisols declined 0.2% yr−1. The number of studies on
other soil orders (Inceptisols, Entisols, and Aridisols) were too few in number
to make any definite conclusions about the impact of erosion; the studies that
have been done on those soils generally show a decrease in productivity with
accelerated erosion. Similarly, the number of studies using crops other than maize,
wheat, soybeans, or cotton is too small to draw conclusions as to how erosion
affects their yields.

With the steady increase in crop yields over time due to technological advances,
the relative reduction of yields per centimeter of soil loss has declined. A compari-
son of pre- and post-1960 studies on maize in the present chapter revealed that the
absolute yield loss per centimeter of soil erosion declined as well on both Alfisols
and Mollisols, but not on Ultisols. On Ultisols, both yield and erosion-induced
loss of yield of maize increased so that the relative yield decline per centimeter of
soil loss remains the same. A comparison of yields across time periods for other
crops was not possible. Nevertheless, this finding has important implications for
using the results of soil erosion–productivity studies to make predictions about the
impact of erosion. First, this comparison shows that, at least for maize, technol-
ogy can reverse some of the productivity decline due to erosion as revealed in the
narrowing of the yield gap between slightly and severely eroded soils. Second, if
the impact of erosion on yield (a measure of historical production used as a proxy
to determine the potential for future production) changes due to technological ad-
vances as revealed in smaller absolute and relative declines in yield per centimeter
of soil loss, then continued use of the results of “old” studies may exaggerate
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estimates of the impact of erosion on productivity. Continuing research to monitor
the effects of erosion on soil productivity is, therefore, necessary.

B. PRODUCTIVITY AND ECONOMIC IMPACT

The amount of production decline resulting from erosion in North Amer-
ica equals 234.5 × 103 Mg yr−1 of maize, 60.2 × 103 Mg yr−1 of soybeans,
75.0 × 103 Mg yr−1 of wheat, and 1.9 × 103 Mg yr−1 of cotton. These figures
represent the maximum potential annual losses due to accelerated erosion based
on the assumption that soil is lost to a uniform depth over the entire field sur-
face. The total economic value of erosion-induced loss of soil productivity on
Alfisols, Mollisols, and Ultisols in North America (using 2000 prices) amounts
to U.S.$41.2 million per year, U.S.$37.9 million for the United States and the
remainder in Canada. To the extent that commodity prices increase as a result of
erosion-induced declines in production, the value of production losses would be
higher than we estimated using 2000 prices.

As these crops are also grown on other soil orders, the economic impact for
North America as a whole is larger. We estimate that the economic impact for
Canada is fairly accurate, as little wheat and maize are produced on soil orders
other than Alfisols and Mollisols. However, the estimated cost of yield losses due
to erosion in Canada of U.S.$3.2 million is smaller than previous estimates by
Sparrow (1984) and Dumanski et al. (1986, 1994). For the United States as a
whole, based on the ratio of the area of maize, soybeans, wheat, and cotton on
Alfisols, Mollisols, and Ultisols to the total area for these crops, the total annual
economic impact of erosion on these crops is estimated at U.S.$55.6 million. Finer
spatial resolution has improved this figure from the estimate of U.S.$82.9 million
that results from application across all soils of the 1992 U.S. average erosion rate.
This figure is smaller than earlier estimates by Alt et al. (1989), Crosson (1986),
and Pimentel et al. (1995), but similar to estimates by Larson et al. (1983) and
Crosson (1997). The costs in lost yields, however, are only a part of the total costs
incurred by farmers, as they do not include the costs incurred to reduce or offset
the yield effects of erosion (Crosson, 1997).

On a per-hectare basis, reflecting the unit of farmer decision making about
erosion-mitigating practices, the annual impact of erosion on crop yield is small,
ranging from <1 kg ha−1 for wheat on Alfisols in the United States to 11.6 kg ha−1

for maize on Ultisols. The annual economic losses per hectare experienced by
farmers in North America are correspondingly small: U.S.$0.39–0.95 ha−1 yr−1

for corn, U.S.$0.12–0.88 ha−1 yr−1 for wheat, U.S.$0.28–0.80 ha−1 yr−1 for soy-
beans, and U.S.$2.53 ha−1 yr−1 for cotton. Because of the multiple factors affecting
crop yields, it may be difficult for a producer to distinguish the annual yield loss
due to erosion (e.g., for maize 5 to 12 kg ha−1 and for wheat 1–7 kg ha−1) from yield



12/29/2000 06:33 PM Agronomy PS014-01.tex PS014-01.xml LaTeX2e(2000/11/02) Textures 2.0

38 C. DEN BIGGELAAR ET AL.

variations due to climate, pests and diseases, varieties used, and management prac-
tices. In view of (still) increasing yields as a result of crop varietal improvements,
chemical and energy inputs, and improved agronomic practices, it may, therefore,
be difficult to convince farmers of the seriousness of productivity loss. However,
the decrease in yield is cumulative and may cause a noticeable impact if erosion
continues unabated over a long period of time. The small annual declines in produc-
tivity and economic value provide relatively weak incentives for farmers to adopt
erosion-mitigating practices. This underscores the importance of policy measures
to encourage the adoption of practices necessary to reduce the off-site effects of
erosion. As Crosson (1986) showed, these off-farm effects of erosion are several
multiples, if not an order of magnitude, of the on-farm costs. A second implication
is that, while estimated aggregate economic losses are relatively small, these aggre-
gates conceal potentially significant geographic variations. Locally, losses may be
very high; further GIS analysis will be necessary to reveal such spatial differences.

Soil erosion and yield loss can be reduced or halted by improvements in technol-
ogy and management practices, but unless these are demonstrated to be economic
they are unlikely to be adopted even though desirable from the standpoint of soci-
ety. It may also be unrealistic to expect an agriculture without any erosion. Even
if this was feasible, it would not necessarily be economical. A certain, at times
perhaps very high, level of erosion may be accepted by farmers until it becomes
cost-effective to mitigate its adverse effects as yield decreases resulting from the
loss of soil start reducing farm profits. This does not mean that farmers are uncon-
cerned about maintaining their resources; on the contrary, the preservation of soil
and water resources is considered a primary farm goal by a majority of Midwest
producers, both conventional and sustainable (den Biggelaar and Suvedi, 1998;
Geisler and den Biggelaar, 1998). Decisions about cropping and management
practices by producers will depend foremost on their ability to survive econom-
ically (IISD 1999). Farmers do not explicitly choose a level of soil loss (i.e., the
amount of soil loss is not the decision variable). Rather, they make crop, rotation,
input, and management decisions that result in a particular soil loss (Furtan and
Hosseini, 1999). The decision processes employed by farmers about mitigating soil
degradation are, however, still not well understood and require additional research.

C. FACTORS CONFOUNDING THE EFFECT OF EROSION

ON PRODUCTIVITY

Within soil orders, large variations in yields and in the relationship between
yields and soil erosion were observed. Yield variations occurred both over space
and over time. In several studies, researchers found that yield levels between
eroded and uneroded phases were not significantly different in years of normal
or above-normal rainfall, or when irrigation was used, indicating that water and
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water-holding capacity of the soil may become limiting as degradation progresses.
Weather and climatic factors, therefore, may play a more important role in de-
termining crop yields than soils. Simmonds (1979), Johnston et al. (1998), Lamb
et al. (1997), and Haji and Hunt (1999) also found that the effect of year (climate)
on crop yield was greater than that of the location.

In addition to varying amounts of erosion, Daniels et al. (1985, 1987), Hoag
(1998), Larson et al. (1990), and Wright et al. (1990) observed that the position of
experimental plots within a landscape needs to be considered to explain observed
yield differences between plots representing different erosion phases or soil depths.
In several recent studies, large, spatially inconsistent annual variations in yields
were observed within one field (Lamb, 1995, 1997; Timlin, 1998) or within one
experimental plot (Halvorson, 1999). That is, high and low yields were not consis-
tently found in specific locations within a field or plot. As soil properties change
only slowly over time, and as climatic and management differences can be as-
sumed to be minimal within one contiguous field or experimental plot, perhaps the
practice of attributing yield loss solely to a decrease in TSD, an assumption used
in most erosion-productivity studies, needs to be revisited. Plant growth and yield
are generally related to the most limiting individual factor, and limiting factors
may change with accelerated erosion over time and as a result of management.

A number of studies reviewed were multifactorial in design, with erosion levels
in the main plots and varying amounts of fertilizers in subplots. The subplots were
included to determine the amount of fertilizers necessary to restore the productivity
of eroded phases to the same levels of those of uneroded soil. Nutrients applied by
themselves, however, may not be enough to maintain productivity if other factors
becoming limited are not taken into consideration. In several (but not all) studies,
the investigators concluded that no amount of fertilizers would be able to restore
productivity levels lost as a result of erosion. Nevertheless, other factors may have
become limiting when nutrient levels were boosted in these studies, although this
was neither acknowledged nor investigated further. Further studies are required to
determine which factors become limited when nutrient levels (or other factors) are
increased on erosional phases, and their effect on crop yields. Such studies require
systemic, ecological methods to determine the effects of erosion and management
on soil properties and to determine how changes in soil properties affect crop yields.

According to Rijsberman and Wolman (1984), crop yield is only a good estimator
of the differences in productivity between two soils, or between eroded phases of
one soil, when (a) the same crop is used and (b) this crop is the “optimal” crop
for both soils (or soil phases). The assumption that one crop is optimal for all
erosional phases of a soil is unproven. It may well be that the optimal crops for
slightly, moderately, and severely phases are not the same; from a management
perspective, it is, however, difficult, if not impossible, to produce different crops
on the various phases using modern production practices and technologies. The
micromanagement of resources by growing specific crops and crop varieties to
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particular soils and soil phases is not uncommon in small-scale agriculture in
developing countries, as observed by den Biggelaar (1994) in Rwanda. Precision
farming, however, is a move to increase micromanagement of the soil resource,
using varying management practices within one single crop rather than using
different crops. Second, even if we use the same crop on a particular soil, and if
this crop is optimal for this soil and its various phases, it is not necessarily true that
the same variety of this crop is optimal for both eroded and uneroded phases of this
soil. No studies were found that tested the differential response of crop varieties to
accelerated erosion, at least not deliberately and systematically. The identification
and/or development of varieties specifically adapted to perform well on eroded
soils and soil phases may offer an alternative to trying to restore soil properties
to their original uneroded equivalent (if we even can know the productivity of
uneroded soil) with external inputs and variable management practices.

Although a decrease in soil depth (in whatever form) was used as the predictor for
productivity losses in the studies reviewed here, and some researchers found highly
significant correlations between depth and yields, there was a great variation in the
observed relationships due to years, soils, climate, and management. As shown
in Fig. 1 and discussed in Section II,B, there are many factors affecting crop
yields, soil depth being only one of them. Given the variability of research results,
soil depth by itself does not appear to be a sufficient determinant of decreasing
productivity. Erosion does not only lead to a decrease in (top-)soil depth, but
causes a host of other changes in the soil that may provide better answers for why
yields decline with accelerated erosion over time. Additional research is, therefore,
necessary to (1) determine if productivity losses are permanent (Cann et al., 1992)
and (2) investigate the spatial relationships between soil variability and yields
within a landscape and the variability and stability of yield across a field/plot
such as the compensatory effects of depositional sites (Fahnestock et al., 1995).
This will require studies of localized TSD–yield response relationships to typify
specific soils, climates, and landscapes (Cann et al., 1992), especially in areas with
high erosion rates where economically important crops are produced. Bruce et al.
(1987) believe that soil orders are too inclusive and can lead to contradictory data
interpretations. They suggest using soil family as the classification level, as it is at
this level that one can identify soil features useful in describing the potential effect
of soil erosion on productivity. Yield monitors installed on crop harvesters, GPS,
and GIS can be used for this purpose, but it will also require intensive soil surveys to
link observed yields with soil physical, chemical, and biological properties as well
as climate and management data. Geographic information systems can be used to
manage the amount of data necessary for this analysis, which would result in more
precise estimations of the productivity impact of erosion at a greater resolution
than was done in this and previous reviews. Continuing the list, additional research
is needed to (3) develop methods to detect long-term productivity loss in the face
of yield increases due to technological advances, (4) determine how different types
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of soil degradation are interrelated (Cann et al., 1992), and (5) investigate farmers’
decision-making processes when estimating actual impacts as opposed to potential
impacts determined by soil erosion–productivity research.

VIII. CONCLUSION

Several features of the estimated aggregate annual economic losses in produc-
tivity due to soil erosion are important. First, the low rate of erosion-induced
productivity loss in North America reflects the impact of improved technology,
especially of the increased use of fertilizers and other amendments and im-
proved crop varieties. Second, losses estimated using soil-specific erosion rates
are smaller than those estimated using national-average erosion rates. Our estimate
of U.S.$55.6 million in aggregate annual erosion-induced losses for the selected
crops is about 25% lower than the U.S.$82.9 million estimate that results from
applying the 1992 average erosion rate across all soils and crops (the latter figure
would be over U.S.$100 million at the 1982 average erosion rate). These losses
are smaller than those estimated by others, including Sparrow (1984), Crosson
(1986), Alt et al. (1989) Dumanski et al. (1994), and Pimentel et al. (1995). Each
of those studies were based on data collected in the 1970s and 1980s, when erosion
rates were significantly higher than they are today. Agricultural prices have also
been following a downward trend in recent years, reducing the economic impact
of yield losses. Our results are, however, comparable to estimates by Larson et al.
(1983b) and Crosson (1997).

Third, current estimated losses are small relative to the total value of agricultural
production of these crops. As such, they are likely to be masked over the short term
by interannual variation in yields and net returns that arise from weather, pests, and
market conditions. As a result, the effects of erosion can be expected, on average,
to provide farmers with relatively weak incentives to adopt erosion-mitigating
conservation practices in the short run.

Fourth, estimated losses in productivity are small relative to the off-site costs
of erosion estimated by others, including Crosson (1986) and Ribaudo (1989), in
terms of water quality and other impacts.

Each of these features underscores the success of past policy measures in pro-
viding farmers with incentives to adopt soil conservation measures, and the impor-
tance of continued policy efforts to promote such adoption in the future, in order
to realize conservation goals that are important to society as a whole and to sustain
productivity levels over the long term. They also underscore the importance of
further attention to spatial variation in the impacts of soil erosion both on-site and
off-site. Specifically, the aggregate magnitude of estimated losses is less significant
than the variation in impacts that are revealed by crop and soil order.
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Furthermore, such variation indicates that the distribution of existing studies of
erosion’s impact on productivity directs insufficient attention to several geographic
areas where the combination of crop production, erosion rates, and yield impacts
generate relatively large impacts. Future analysis of variation in impacts at finer
spatial resolution will permit improved identification of problem areas that are
concealed at coarser scales as well as improved targeting of policy incentives.

Additional research is also needed on farmers’ responses to erosion and other
forms of soil degradation. The estimates provided in this chapter (and in the in-
dividual studies on which our analysis is based) are based on the assumption that
farmers’ practices are held constant. Over time, of course, practices do change
in response to changing circumstances. More precise estimation of actual yield
losses or cost increases that will be realized as a result of erosion (as opposed
to the potential losses estimated here) will depend on improved understanding of
how farmers’ optimal choices will vary in the face of changing physical, market,
and policy environments.
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